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Executive Summary

Laboratory investigations were conducted to determine the
composition and electrical properties of clay bearing sediments
present in the A/M area at the Department of Energy Savannah River
Site (SRS) in South Carolina. Manufacturing operations at the SRS
facility have resulted in the release of DNAPL (dense non-aqueous
phase 1liquids) into the subsurface. The laboratory studies
included X-ray diffraction (XRD) measurements, clay-organic
reaction experiments and complex resistivity (CR) measurements.
This work is part of a USGS project to determine the applicability
of geophysical methods in subsurface DNAPL detection. The clay
minerals present in the subsurface at A/M area play an important
role in the migration, distribution, and geophysical detection of
the DNAPL.

Twenty two core samples from the A/M area were analyzed using
x-ray diffraction methods to determine the type and distribution of
clay minerals present. The core samples, thought to be
representative of typical of A/M area near surface sediments, were
obtained from 4 drillholes including MSB-3B, MHT-17C, MHT-20C and
MSB-79C. Clay minerals identified in the core samples include
smectite, kaolinite, illite, and possibly vermiculite. Halloysite,
although reported at SRS, was not observed in these SRS samples.

Kaolinite and illite were the most commonly observed clays in
the SRS samples. Kaolinite was observed in all 22 core samples,
and was generally the most abundant clay in a given sample. Illite
was observed in 21 of the samples, and is thought to occur in
relatively small amounts.

Swelling clays were observed in 9 samples. Swelling clays are
significant because of their unique chemical and electrical
properties. The swelling clays present are thought to include
smectite and vermiculite, however, analytical methods to
specifically identify vermiculite have not been applied to the SRS
samples. ‘In 6 of the samples the swelling clay represents a
significant component of the clay minerals present. In 3 of the
samples, the swelling clay appeared to be a minor component.

The XRD data indicates that the clays present in the Upland
Unit and the Tobacco Road Sand include kaolinite and illite. The
clay minerals identified in the Dry Branch, Santee and Warley Hill
Formations include smectite, kaolinite, and illite. The "tan clay
zone" is composed of a swelling clay, possibly vermiculite, and
kaolinite with minor amounts of illite. The "green clay zone" is
composed of smectite, kaolinite, and minor illite.

Clay-organic experiments were conducted to determine if the
clay minerals present at A/M area react with PCE and TCE.
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Reference clay standards and clay sediment samples from A/M area
cores were exposed to PCE and TCE and analyzed using XRD to
determine if clay-organic complexes had formed. In addition,
halloysite was exposed to isopropyl alcohol to determine if it
would modify the clays crystal structure.

Reference clay samples of illite, kaolinite and Ca- and Na-
montmorillonite were exposed to PCE and TCE. These experiments
were performed using 100% pure clay sample saturated with 100%
organic solvent. The illite and kaolinite samples did not appear to
form clay-organic complexes. However, both montmorillonites, Na
and Ca, appeared to react with the solvents, forming clay-organic
complexes.

Six A/M area core samples containing swelling clay (smectite
and/or vermiculite) were exposed to the vapor phase of TCE and PCE.
Four samples reacted with TCE vapor, as indicated by an increase in
d-spacing. One sample swelled due to PCE exposure, another appears
to have dehydrated during the experiment. Two samples have
inconclusive results. The kaolinite and illite clay present in the
A/M area samples were not affected by the solvent exposures.

Complex resistivity (CR) measurements were made on splits of
the same A/M area samples used for the XRD measurements. The
purpose of the CR measurements was to characterize the electrical
properties of the SRS A/M area sediments, and determine if CR
measurements could be used to differentiate DNAPL contaminated
sediments from non-contaminated sediments. The samples were
measured in their "as received" condition. In addition, the
resistivity of some samples were measured as a function of water
weight percent. The "as received" measurements provide baseline CR
data for comparison with water saturated and DNAPL exposed
measurements.

The resistivities of the SRS samples ranged from 30 to 18,500
ohm-m. The "as received" resistivities vary due to the amount of
water present in the samples and due to different sediment

composition. In general, dry sandy samples had the highest
resistivities where as moist clayey sediments had the 1lowest
resistivities. The CR data indicates that samples containing

swelling clay minerals (smectite and/or vermiculite) generally have
lower resistivities than samples composed of non-swelling clays
(kaolinite and illite). The CR data also indicates that the
resistivity is not dependent upon the amount of clay present in the
samples. Additional CR measurements are required to determine if
the electrical properties of the SRS sediments are modified by
clay-organic reactions with the solvents present at A/M area.
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Section 1

X-Ray Diffraction Studies of Selected Core Samples
From A/M area, Savannah River Site, South Carolina.

Introduction

This section of the report describes the results of x-ray
diffraction (XRD) studies to determine the type and distribution of
clay mineral present in the A/M area at the Department of Energy
Savannah River Site in South Carolina. Manufacturing operations at
the SRS facility have resulted in the release of organic solvents
known as DNAPL (dense non-aqueous phase 1liquid) into the
subsurface. This work is part of a USGS project to determine the
applicability of geophysical methods in subsurface DNAPL detection
at the SRS facility.

Clay minerals reported at SRS include kaolinite, halloysite,
smectite,” vermiculite, illite and glauconite (Segall, 1992, and
Looney and others, 1992). Clay minerals are important factors in
determining the hydrologic, geophysical and geochemical properties
of the subsurface. The hydrogeologic properties of sediments are
effected by the amount of clay present. Hydraulic conductivies of
sediments generally decrease with increasing clay content. Due to
their small grain size, clay bearing units form aquitards. At A/M
area, clay units act a barriers to prevent the downward migration
of DNAPL's. Once DNAPL has penetrated the pore spaces of clayey
sediments, it is difficult to remove or remobilize due to the small
size of the pore spaces.

Geophysical surveys may provide a means of detecting the
subsurface distribution of DNAPL. Clays have distinctive
geophysical properties that can be important in the planning and
interpretation of geophysical surveys. Clays generally have higher
seismic velocities that other sediments, making them relatively
good seismic targets.

The electrical properties of clays makes them important
factors in electrical geophysical surveys (Olhoeft, 1978). Due to
the surface charge on clay particles, even small concentrations of
suspended clay colloids can significantly increase the conductivity
of ground water. Clayey units are generally more electrically
conductive that non-clay bearing sediments, making them relatively
easy to detect using electrical geophysical methods. However, due
to their high conductivity, clay bearing units attenuate the
propagation of electromagnetic waves, severely limiting the
effective range of electromagnetic geophysical surveys.
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Many clay minerals are known to react with organic molecules
forming clay-organic complexes. Numerous clay-organic reactions
have been observed, however, the reaction mechanism(s) are poorly
understood. As organic solvents migrate through the subsurface they
may react with clay minerals. Some clay-organic reactions are known
to change the electrical properties of the clay (King and Olhoeft,
1989, and Sadowski, 1988). Clay-organic reactions may demobilize
the organic molecules by adsorption to the clay mineral surface.
The clay minerals can also act as catalysts or initiation sites for
a variety of chemical reactions (Theng, 1974 and 1979). Clay-
organic reactions involving the solvents present at SRS (TCE and
PCE) have been reported (Anderson and others, 1985; Brown and
Thomas, 1984; Rogers and McFarlane, 1981; Rao and others, 1988; and
Karickhoff, 1981).

The clay minerals present in the subsurface at A/M area play
an important role in the migration, location, and detection of the
DNAPL. Therefore, knowledge of the type and distribution of clay
minerals in the A/M area subsurface is important. To determine the
type and distribution of clay minerals present at A/M area, core
samples were collected and analyzed using x-ray diffraction (XRD)
methods. . This paper describes the XRD studies of the A/M area core
samples.

Clay Mineralogy
Clay minerals are a subset of the phyllosilicate minerals

known as hydrous sheet silicates. Clay minerals are composed of
layered sheets. There are two basic types of sheets in clay
minerals, the tetrahedral sheet and the octahedral sheet.
Tetrahedral sheets are composed of silica tetrahedrons linked
together to form a hexagonal sheet network. Octahedral sheets are
composed of aluminum or magnesium octahedrons linked together to
form a hexagonal sheet network.

All clay minerals are formed by an assemblage of two-layer or
three-layer sheets. In two-layer clays, each layer is composed of
a tetrahedral and an octahedral sheet. The two-layer clays are
referred to as T-O (Tetrahedral sheet-Octahedral sheet) or 1:1
clays. Three-layer clays are composed of one octahedral sheet
sandwiched between two tetrahedral sheets. Three-layer clays are
referred to as T-0-T (Tetrahedral sheet-Octahedral sheet-
Tetrahedral sheet) or 2:1 clays. T-0O-T clays can be divided into
two broad groups, expanding and non-expanding. Expanding clays
adsorb water into their interlayer spaces and swell. Non-expanding
clays do not swell in water.

Different clay mineral species are created by substitutions of
one atom-for another in the tetrahedral and octahedral sheets,
resulting in a different chemical composition and structure. In the
tetrahedral sheet, tetravalent silicon is often replaced by
trivalent aluminum or iron. When substitution replaces an atom
with one of lower valence, a net negative charge is produced within
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the clay structure. The negative charge is balanced by the addition
of a positive cation. Sodium and potassium are common charge
balancing cations. Due to their size, these large atoms cannot
substitute into the tetrahedral or octahedral structure. However,
they do fit between adjacent T-O-T layers, filling holes within
the hexagonal sheet network.

The clay minerals reported at SRS include kaolinite,
halloysite, smectite, vermiculite, illite, and glauconite (Segall,
1992, and Looney and others, 1992). Kaolinite and halloysite are
T-O clays. The composition of kaolinite is Al,Si,0,*2 (H,0).
Halloysite has the same chemical composition as kaolinite, however
it contains a layer of water between adjacent T-O sheets. This
water is irreversibly dehydrated at relatively low temperatures
forming metahalloysite. Kaolinite and halloysite do not have inter-
layer cations.

Smectite, vermiculite, illite, and glauconite are T-O-T clays.
Smectite clay is an expandable T-O-T clay. There are two basic
types of smectite clays known as Wyoming type and the Cheto, or
Chambers, type. Other common smectite clays include nontronite,
hectorite, beidellite, and saponite. Montmorillonite is the most
common smectite. The chemical composition of a Wyoming type
smectite is Na, Fe’* Al,Mg (Al Si,)O, *4(H,0). The composition of a
Cheto type smectite is Ca;s Mg, Alg (Alys Si;ss)O4 *4(H0). In
smectites, layer charge is balanced by exchangeable cations
including sodium, calcium, potassium and magnesium.

Vermiculite is an expanding T-O-T clay mineral. The silicate
sheets are separated by a layer of water molecules. There are two
basic types of vermiculites, differing by the composition of their
octahedral sheet. The composition of dioctahedral vermiculite is
Al, (Si;,Aly5) Oy (OH) ,Mg,*nH,0.  Trioctahedral vermiculite has a
composition of Mg,(Si,Al)0,,(0OH),Mg,s*nH,0. In vermiculite layer
charge is balanced by an exchangeable cation, generally magnesium.

Illite and glauconite are non-expanding T-O-T clays. Within
the crystal structure, some silicon is replaced by aluminum
resulting in a charge deficiency (Grim, 1968). The charge is
balanced by interlayer potassium atoms. The chemical composition of
common illite is K, Fe’* Mg Al (Al, Si )04 *4(H,0). The chemical
composition of glauconite is K,Fe®*; Fe Mg Al, (Al,Si,,)O,*4(H,0). In
illite and glauconite, layer charge is balanced by a potassium
cation.

Methods

Core samples were collected from the A/M area and analyzed
using XRD methods to determine the type and distribution of clay
minerals present. The sampling strategy was to collect samples
representative of the different lithologies within the A/M project
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area. The core samples, thought to be typical near surface (upper
200 feet) sand and clay sediments, were obtained from 4 drillholes.
The four drillholes are MSB-3B, MHT-17C, MHT-20C and MSB-79C
(figure 1). SRS personnel were consulted in the selection of
drillholes for sampling.

Drillhole MHT-17C was selected for sampling of the
representative lithologies in the project area. Typical sand and
clay units were sampled from MHT-17C. There are two shallow clay
units that are discontinuous throughout the project area.
Representative samples of these clay units were sampled from
drillhole MHT-20C, as they were not well represented in MHT-17C.
Drillhole MSB-79C was selected for uncontaminated control samples.
Drillhole MSB-79C is located relatively close to the project area,
has a similar lithology, and contains no (or extremely low) DNAPL
concentrations. Typical sand and clay was collected from drillhole
MSB-3B. In addition, a sample was taken from the MSB-3B screened
interval, where a proposed surfactant test is planed.

Sampling technique
Twenty two core samples were collected. A list of the cores

sampled is given in table 1. All samples collected were splits of
the core samples, leaving at least 50% of the original core in the
box and intact. The core was usually split using a small hand
trowel, however, some of the hard clay samples had to be split with
a knife. Core samples were collected in 500 ml plastic Nalgene
mason jars. Typically a sample volume of 250 to 400 ml was
collected.

Each sample consists of core material from a 1 or 2 foot

interval. For the small diameter spoon samples (2 inch), a two
foot sample interval was required to obtain the 250 to 400 ml
volume. Care was taken to get a "representative" sample. If a

color, textural, or lithologic change was observed within a given
two foot section, it was not sampled to prevent mixing of different
lithologies within the sample jar. When color or texture
variations were observed, they were sampled individually.

Laboratory XRD Procedures
The -clay samples were analyzed using a Scintag 2000 X-ray

diffractometer (XRD). The clay samples were generally scanned from
2° to 40° 20. The scan rate used was 4 per second with a step
interval of 0.03 degrees. For the XRD measurements, a copper lamp
with a wavelength of 1.54A was used. The XRD slits were always set
at the following:

Source inner 1
Source outer 2
Detector outer

r

.0

.0

0.5
Detector inner 0.3
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XRD identification of clay minerals is accomplished by
examination of diffraction peak position, intensity, and width. The
peak position or d-spacing, is determined by Bragg's Law
(2dsinf=n\) . Peak intensity is determined by chemical composition
and position of atoms in the lattice, and sample and slit
characteristics. Peak breath or width is dependant on the mean
optical coherent dimension. Well crystalline minerals like quartz
have large dimensions and produce sharp peaks with narrow widths.
Clays have small dimensions, resulting in wide peaks. Peak width is
important for qualitative analysis because peaks from clays can be
easily identified from peaks of other minerals like quartz, calcite
and pyrite.

In clay minerals the position of distinctive XRD peaks is
characteristic of the distance between the T-O and T-O-T layers.
Because this distance represents the C axis of the crystal
structure, it is called the c-spacing or the 001 spacing referring
to the crystal indices. The T-O layer clays generally have a 001
spacing of 7.1 to 7.2 A. The T-O-T layer clays generally have a
minimum 001 spacing of 9.2 A.

A common identification procedure is to examine the clay XRD
patterns before and after various treatments that may alter the
diffraction patterns. The most common treatment is to glycolate
the sample, which will cause many clays to expand. Another common
practice is to heat the sample, which will collapse the layers by
dehydration. Higher temperatures will have different effects on the
dehydration and crystal structure of clay minerals.

Sample Preparation
Oriented XRD mounts were prepared by placing a few grams of

sample into a test tube with a few milliliters of distilled water.
The clay-water mixture was vigorously shaken for approximately one
minute. The clay-water mixture was then allow to sit undisturbed
to allow the large, non-clay particles to settle. The fine-grained
clay particles remained in suspension. A sample of the water/clay
suspension was drawn off and applied to a glass slide. The samples
was allow to dry by evaporation at room temperature. To prevent
the samples from completely dehydrating, the prepared mounts were
stored in a bell jar containing water vapor until they were
analyzed using x-ray diffraction.

To glycolate the oriented mounts, they were placed in a bell
jar containing ethylene glycol vapor at room temperature. The
oriented mounts were generally allow to glycolate over night (>12
hours) before being run on the XRD. Moore and Reynolds (1989)
suggest glycolating for at least 8 hours at 60°C for maximum
swelling. Individual samples were removed from the glycolator and
immediately analyzed on the XRD to minimize collapse of layers due
to the evaporation of glycol from the sample into the air.
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The qualitative identification of clay minerals using XRD
patterns is based on comparison of XRD features from the unknown
sample with XRD features of known minerals. Typically, clay
minerals are identified by using basal or 001 diffraction peaks. An
estimate of the abundance of the clay minerals present in a sample
can be made from the relative size and area of the diffraction
peaks. However, many factors influence the character of the XRD
pattern including sample preparation techniques, x-ray
diffractometer settings and the nature of the clay bearing sample.
Therefore, statements about the abundance or dominance of clays
based on the XRD patterns should be regarded only as an estimate.

XRD Results

In this section of the report, the individual XRD patterns are
discussed. Plots of the XRD patterns are given in appendix A. The
discussion includes a brief sample description, the file name of
the samples XRD plots, the type of clays present, and an estimate
of the dominant clay(s) present in the sample. Table 1 gives a
summary of the type and distribution of clays identified in the SRS
samples.

The grain size distribution information given here was taken
from lithology logs obtained from C. Eddy-Dilek, Westinghouse
Savannah River Company. The grain size distribution is given in
percent gravel (>2.0mm), percent sand (2.0 - 0.065mm), and percent
mud (<0.0625mm) . The percent mud grain size can be used to estimate
the amount of clay in the sample, keeping in mind that clay-size
particles are those less than 0.0039mm.

The XRD techniques used for this study did not include sample
preparation methods to identify vermiculite, such as Mg saturation
and glycerol exposure. Normally hydrated vermiculite and smectite
can both produce 14A.peaks. Therefore, samples that produce 14A XRD
peaks could be either smectite or vermiculite. For the purposes of
the following discussions, 14A XRD peaks that expanded due to
glycol exposure will be identified as a "swelling clay", possibly
vermiculite.

MHT-17C 16-18 feet

This sample is a reddish clayey sand, thought to represent the
upper most sand unit (Upland Unit). The sampled interval average
grain size distribution is 5% gravel, 80% sand and 15% mud.

The XRD analysis of the oriented mount (ml7cléor.rd) indicates
the sample contains kaolinite and illite. The 7.19A.peak suggests
kaolinite is the dominate clay mineral in the sample. The illite
peaks indicate a minor amount of illite is present.

The XRD analysis of the glycolated sample (ml17clég.rd) show no
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significant peak shifts, indicating the sample does not contain
swelling clays (i.e. smectite).

MHT-17C 36-38

This sample is a hard purple clay, thought to represent one of
the upper most clay layers (325-foot clay zone?) in the Upland
Unit. The sampled interval grain size distribution is 0% gravel,
20% sand and 80% mud.

The XRD analysis of the oriented mount (ml7c36or.rd) indicates
the sample contains kaolinite and illite. The 7.23A.peak suggests
kaolinite is the dominate clay mineral in the sample. The illite
peaks indicate a minor amount of illite is present.

The XRD analysis of the glycolated sample (ml7c36og.rd) shows
no significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-17C, 52-54 feet

This sample is a yellow sand containing small clay balls,
thought to be representative of a typical sand of the Tobacco Road
Sand unit. The sampled interval average grain size distribution is
0% gravel, 93% sand and 7% mud.

The XRD analysis of the oriented mount (ml7c52or.rd) indicates
the sample contains kaolinite and illite. The 7.19A.peak suggests
kaolinite is the dominate clay mineral in the sample.

The XRD analysis of the glycolated sample (ml7c52g.rd) show no
significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-17C, 54-56 feet

This sample is a purple sand, also thought to be a typical
sand of the Tobacco Road Sand unit. The sampled interval average
grain size distribution is 0.1% gravel, 92% sand and 8% mud.

The XRD analysis of the oriented mount (ml17c54o0r.rd) indicates
the sample contains kaolinite and illite. The 7.19A peak suggests
kaolinite is the dominate clay mineral in the sample. The narrow,
low-intensity illite peaks suggest illite is a minor component.

The XRD analysis of the glycolated sample (ml17c54g.rd) shows
no significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-17C, 56-58 feet

This sample is a purple clayey sand, also thought to be part
of the Tobacco Road Sand unit. The sampled interval average grain
size distribution is 0.1% gravel, 93% sand and 7% mud.

The XRD analysis of the oriented mount (ml7c56or.rd) indicates
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the sample contains kaolinite and illite. The 7.19A peak suggests
kaolinite is the dominate clay mineral in the sample. The narrow,
low-intensity illite peaks suggest illite is only a minor
component.

The XRD analysis of the glycolated sample (ml7c56g.rd) show no
significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-17C, 82-84 feet

This sample is a yellow-brown sand, thought to be part of the
Dry Branch Formation. The sampled interval average dgrain size
distribution is 0% gravel, 95% sand and 5% mud.

The XRD analysis of the oriented mount (ml7c82w.rd) indicates
the sample contains kaolinite and only minor illite. The 7.14A»peak
suggests kaolinite is the dominate clay mineral. The extremely low-
intensity illite peaks, just above background, suggest illite is a
only a minor component.

The XRD analysis of the glycolated sample (ml17c¢82.rd) show no
significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-17C, 121-123 feet
This sample is a yellow-brown clayey sand, thought to be part

of the Santee Formation. The sampled interval average grain size
distribution is 1% gravel, 91% sand and 8% mud.

The XRD analysis of the oriented mount (ml7cl2lo.rd) indicates
the sample contains minor kaolinite and minor illite. The narrow,
low-intensity 7.23A.peak suggests only a small amount of kaolinite
is present. The low-intensity illite peaks, suggest very little
illite is present in this sample. The relatively high-intensity
peaks at 4.25A and 3.34A are quartz peaks, suggesting the sample
may have a high concentration of clay-size quartz.

The XRD analysis of the glycolated sample (ml17cl2l1g.rd) show
no peak shifts, indicating the sample does not contain swelling
clays.

MHT-17C, 145-146 feet
This sample is a yellow-tan clayey sand, thought to represent

the Warley Hill Formation. The sampled interval average grain size
distribution is 2% gravel, 88% sand and 10% mud.

The XRD analysis of the oriented mount (ml7c¢l450.rd) indicates
the sample contains a swelling clay and kaolinite. The peak at
14.86A suggests the sample may contain vermiculite. The narrow,
low-intensity 7.19A peak, just above background, suggests only a
small amount of kaolinite is present. A very small amount of illite
may be present producing the extremely low-intensity peaks at 9.97
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and 4.96A.

The XRD analysis of the glycolated sample (ml17cl45g.rd) shows
the 14.86A peak has shifted to 16.76A, indicating the samples
contains a swelling clay. The broad, low-intensity peak may be
produced by vermiculite.

MHT-17C, 158 feet
This sample is a yellow-tan clayey sand, thought to represent

the sand unit (Warley Hill) directly above the "green clay". The
sampled interval average grain size distribution is 0% gravel, 98%
sand and 2% mud.

The XRD analysis of the oriented mount (ml17cl158oc.rd) indicates
the sample contains smectite, kaolinite and illite. The broad, low-
intensity peak at 12.50A indicates the sample contains a smectite
clay. The 12.50A.position of the 001 peak suggests the sample may
have dehydrated during drying. The relatively broad, high-intensity
7.19A peak suggests a relatively large amount of kaolinite is
present. The intensity of the illite 001 peak is relatively high
compared to other sampled intervals, suggesting a relatively large
amount of illite may also be present.

The XRD analysis of the glycolated sample (ml17cl158g.rd) shows
the smectite has peak shifted to 16.89A, indicating glycol has been
drawn into the interlayer spaces of the smectite. Glycolation
caused the smectite peak to become much better defined with a
higher intensity and narrower peak. The clay present in this
interval is interpreted to be a mixed layer smectite-illite with a
random stacking pattern.

MHT-17C, 163 feet
This sample is a tan clayey sand, thought to represent the top

of the "green clay" layer. The sampled interval average grain size
distribution is 0.1% gravel, 85% sand and 15% mud.

The XRD analysis of the oriented mount (ml17c¢l630.rd) indicates
the sample contains kaolinite and illite. The width and high-
intensity of the 7.23A peak suggests kaolinite is the dominate clay
mineral. The narrow, low-intensity illite peaks, suggest a
relatively low amount of illite. This sample has relatively low-
intensity quartz peaks, compared to other SRS samples, suggesting
a somewhat lower quartz clay-size fraction.

The XRD analysis of the glycolated sample (ml17cl63.rd) show no
significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-17C, 164 feet
This sample is a tan clay, thought to represent the middle of

the "green clay" layer. The sampled interval average grain size
distribution is 0.1% gravel, 85% sand and 15% mud.
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The XRD analysis of the oriented mount (ml17clé4o.rd) indicates
the sample contains kaolinite and illite. The width of the 7.23A
peak suggests kaolinite is the dominate clay mineral. The narrow,
low-intensity illite peaks, suggest a relatively low amount of
illite.

The XRD analysis of the glycolated sample (ml17cl64g.rd) show
no significant peak shifts, indicating the sample does not contain
swelling clays.

MSB-3B, 40 feet
This sample is a purple clayey sand, thought to represent the

upper most sand unit (Upland Unit). The sampled interval grain
size distribution is 5% gravel, 80% sand and 15% mud.

The XRD analysis of the oriented mount (m3b40or.rd) indicates
the sample contains kaolinite and minor illite. The strong peak at
7.10 suggests kaolinite is the dominate clay mineral in the sample.
The extremely low-intensity illite peak, just above background,
suggest very little illite is present.

The XRD analysis of the glycolated sample (M3B40og.rd) shows
no significant peak shifts, indicating the sample does not contain
swelling clays.

MSB-3B, 98 feet
This sample is a yellow-brown clayey sand, thought to

represent the "tan clay". The sampled interval average grain size
distribution is 10% gravel, 65% sand and 25% mud.

The XRD analysis of the oriented mount (msb3b980.rd) indicates
the sample contains a swelling clay and kaolinite. The broad, low-
intensity peak (just above background) at indicates the sample
contains a swelling clay, possibly vermiculite. The broad, low-
intensity nature of the peak makes it difficult to identify. The
kaolinite peak at 7.19A has a relatively low-intensity compared to
other samples, suggesting a relatively low amount of kaolinite is
present.

The XRD analysis of the glycolated sample (m3b98og.rd) shows
the 14.66A peak has shifted to 15.25A. The shift indicates the
sample has swelled, due to glycol being drawn into the interlayer
spaces of the clay. The relatively small shift suggests the
swelling clay may be vermiculite.

MSB-3B, 113 feet

This sample is a light tan sand, thought to be a typical sand
below the "tan clay zone" (Santee Formation). The sampled interval
average grain size distribution is 3% gravel, 87% sand and 10% mud.

The XRD analysis of the oriented mount (m3bll3or.rd) indicates
the sample contains kaolinite and illite. The 7.19A.peak suggests
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kaolinite is the dominant clay in this interval.

The XRD analysis of the glycolated sample (m3bll3g.rd)
indicates the sample also contains a swelling clay. The broad, low-
intensity (just above background) peak at 16.98A.suggests the clay
present in this interval may be a mixed layer smectite-illite with
a random stacking.

MSB-3B, 138 feet
This sample is a yellow-tan sand, thought to represent the sand

interval above the "green clay zone" (Warley Hill Formation). The
sampled interval average grain size distribution is 7% gravel, 83%
sand and 10% mud.

The XRD analysis of the oriented mount (m3bl38or.rd) indicates
the sample contains smectite, kaolinite, and illite. The broad,
low-intensity peak at 12.90A. indicates the sample contains a
smectite clay. The broad, 1low-intensity nature of the peak
suggests a layered smectite-illite clay with a random stacking
pattern. The broad peak at 7.19A indicates a relatively large
amount of kaolinite is present. The intensity of the illite 001
peak is relatively high compared to other sampled intervals,
suggesting a relatively large amount of illite may be present.

The XRD analysis of the glycolated sample (m3bl38g.rd) shows
the smectite peak shifted to 16.98A. The broad, low-intensity peak
suggests the clay present in this interval is a mixed layer
smectite-illite with a random stacking pattern.

MSB-3b, 162 feet

This sample is a tan clay, thought to represent the "green
clay zone". The sampled interval average grain size distribution
is 1% gravel, 79% sand and 20% mud.

The XRD analysis of the oriented mount (ms3bl620.rd) indicates
the sample contains kaolinite and illite. The broad, high-intensity
7.19A peak suggests kaolinite is the dominate clay mineral. The
peaks at 10.05A and 5.00A indicate illite is present in this
sample. This sample has relatively low-intensity quartz peaks,
compared to other SRS samples, suggesting a somewhat lower quartz
clay-size fraction.

The XRD analysis of the glycolated sample (m3blé620og.rd) show
no significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-20C, 7-8 feet

This sample is a reddish clay, thought to represent the upper
most or shallowest clay layer in the Upland Unit. The red color
appears to be a surficial oxide coating on a gray-white clay. The
sampled interval grain size distribution is 1% gravel, 15% sand and
84% mud.
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The XRD analysis of the oriented mount (mh20c70.rd) indicates
the sample contains kaolinite and illite. The 7.23A.peak indicates
kaolinite is the dominate clay mineral in the sample. The narrow,
low-intensity illite peaks indicate a minor amount of illite is
present.

The XRD analysis of the glycolated sample (m20c7og.rd) show no
significant peak shifts, indicating the sample does not contain
swelling clays.

MHT-20C, 36-38 feet
This sample is a purple clay. This sample represents the

second clay layer (Upland Unit). The sampled interval grain size
distribution is 0% gravel, 40% sand and 60% mud.

The XRD analysis of the oriented mount (mh20c360.rd) indicates
the sample contains kaolinite and illite. The broad peak at 7.14
suggests kaolinite is the dominate clay mineral in the sample. The
narrow, low-intensity illite peaks indicate illite is present but
in a relatively minor amount.

The XRD analysis of the glycolated sample (m20c36og.rd) show
no significant peak shifts, indicating the sample does not contain
swelling clays.

MSB-79C, 80 feet

This sample is a yellow-tan sand, thought to represent a
typical aquifer sand (Dry Branch Formation) above the "tan clay
zone". The sampled interval average grain size distribution is 3%
gravel, 92% sand and 5% mud.

The XRD analysis of the oriented mount (m79c¢80or.rd) indicates
the sample contains smectite, kaolinite and illite. The broad, peak
at 12.63A indicates the sample contains a smectite clay. The
12.63A position, and the broad, asymmetric shape of the 001
smectite peak suggests the sample may have dehydrated during
drying. The 7.19A peak indicates kaolinite is present. The narrow
peaks at 10.05A and 5.00A indicate illite is present in the sample.

The XRD analysis of the glycolated sample (m79c80g.rd) shows
the smectite has peak shifted to 16.89A, indicating glycol has been
drawn into the interlayer spaces of the smectite. Glycolation
caused the smectite peak to become much better defined with a
higher intensity and narrower peak. The width at the base of the
smectite peak suggest smectite is a significant component of the
clay minerals present in this interval.

MSB-79C, 120-121 feet

This sample is a yellow-brown sandy clay, thought to represent
the "tan clay zone" at the base of the Dry Branch Formation. The
sampled interval average grain size distribution is 0% gravel, 50%
sand and 50% mud.
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The XRD pattern of the oriented mount (m79¢c120o0.rd) shows no
well defined <clay peaks. Low-intensity peaks, just above
background, suggest a swelling clay, kaolinite and illite may be
present. Extremely low-intensity peaks at 10.05A and 7.10A.suggest
the sample contains a very minor amount of illite and kaolinite. A
very broad, low-intensity peak centered at 14.86A suggests the
presence of a swelling clay, possibly vermiculite. This sample also
has relatively low-intensity quartz peaks, compared to other SRS
samples, possibly indicating a lower quartz clay-size fraction.

The XRD analysis of the glycolated sample (m79cl120g.rd) shows
the broad, low-intensity peak centered at 14.86A may have shifted
slightly to a larger d-spacing. The low-intensity illite and
kaolinite peaks, while still just above background, are somewhat
better defined in the glycolated XRD pattern. However, only a small
amount of illite and kaolinite are present in this sample.

MSB-79C, 167 feet

This sample is a red-brown sand, thought to represent a
typical aquifer sand (Warley Hill Formation?) above the "green clay
zone". The sampled interval average grain size distribution is 5%
gravel, 91% sand and 4% mud.

The XRD analysis of the oriented mount (m79cl670.rd) indicates
the sample contains smectite, kaolinite and illite. The broad, peak
at 12.50A indicates the sample contains a smectite clay. The
12.50A D-spacing, and the broad, asymmetric shape of the 001
smectite peak suggests the sample may have dehydrated during
drying. The 7.19A peak indicates kaolinite is present. The narrow
peaks at 9.97A and 4.98A indicate illite is also present in the
sample.

The XRD analysis of the glycolated sample (m79cl67g.rd) shows
the smectite has peak shifted to 17.09A (a+4.59A), indicating the
presence of a swelling clay. Glycolation caused the smectite peak
to become much better defined with a higher intensity and narrower
peak. However, the broad smectite peak suggest a layered smectite-
illite clay with a random stacking pattern may be present.

MSB-79C, 206 feet
This sample is a yellow-brown to white clay, thought to

represent the "green clay zone". The sampled interval average
grain size distribution is 3% gravel, 50% sand and 47% mud.

The XRD analysis of the oriented mount (m79c2060.rd) indicates
the sample contains kaolinite and illite. The broad 7.23A peak
suggests kaolinite is the dominate clay mineral. The peaks at
10.05A and 5.00A indicate illite is present in this sample.

The XRD analysis of the glycolated sample (m79c206g.rd) shows
the sample also contains a swelling clay. The low-intensity, poorly
defined peak at 16.98A suggests the presence of a layered smectite-
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illite clay with a random stacking pattern.
Discussion

Clay minerals identified in the core samples include smectite,
vermiculite, kaolinite and illite. Kaolinite and illite were the
most commonly observed clays in the SRS samples. Halloysite was not
observed in these SRS samples, however, XRD sample preparation
techniques to specifically identify halloysite were not used in
this study of the SRS core samples.

Kaolinite was the most commonly observed clay in the SRS
samples. Kaolinite was observed in all 22 core samples, and is
generally thought to be the most abundant clay in a given sample.
Illite was observed in 21 of the samples, although it is thought to
occur in relatively small amounts.

Swelling clays, smectite and or vermiculite, were observed in
9 samples. In 6 of the samples the swelling clay was a significant
component of the clay minerals present. 1In 3 of the samples, the
swelling clay appeared to be a minor component. The smectite is
thought to be present as both smectite, and as a mixed layer
smectite-illite clay.

XRD patterns indicative of halloysite were not observed.
However, sample preparation methods to specifically identify
halloysite, such as exposure to hydrazine-water-glycerol, were not
preformed on the SRS samples. Mixtures of 7A metahalloysite and
kaolinite can be mistakenly identified as disordered kaolinite
(Brindley and Brown, 1980).

Most of the XRD patterns of the SRS core samples contained a
10A peak, which is indicative of both illite and halloysite. The
narrow nature of the observed 10A peaks suggests illite. In order
to determine if the 10A peak was illite or halloysite, 10 SRS
samples containing a 10A peak were oven dried at 85°C for 48 hours.
If the 10A.peak was produced by halloysite, the dehydration effect
of the heating process would drive off the interlayer water,
collapsing the 10A peak to about 7.2A (Brindley and Brown, 1980).
The following list of samples were oven dried at 85°C to observe the
effect of heat on the 10A peak.

MHT-17C, 16-18 MHT-17C, 164
MHT-17C, 36-38 MSB-3B, 113
MHT-17C, 52-54 MSB-3B, 138
MHT-17C, 56-58 MSB-79C, 80
MHT-17C, 158 MSB-79C, 167

Analysis of the XRD patterns show the heating had no
significant effect on the position or intensity of the 10A peaks.
This observation, and the fact the XRD patterns also have a 5A peak
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(illite 002) indicates the 10A peaks are produced by illite.

One possible reason no 10A halloysite was observed in the XRD
patterns, is that the samples dehydrated, collapsing to a 7A
metahalloysite form. The dehydration could have taken place as a
result of core storage or during sample preparation. Although
wrapped in plastic, it is possible that the core samples dehydrated
in storage. During the preparation of oriented mounts the clay-
water suspension was allowed to dry through evaporation. It is
possible that the low humidity in the laboratory dehydrated the
halloysite.

To determine if 10A halloysite was present in the SRS cores
but had collapsed due to dehydration, eight oriented mounts were
prepared from core samples known to be partially hydrated. Some of
the SRS samples were still moist, forming drops of condensation on
the inside of the plastic sample jars. The oriented sample mounts
were prepared from sample jars containing visible condensation.
The eight moist samples include:

MHT-17C 82 MSB-3B 98
MHT-17C 121-123 MSB-3B 113
MHT-17c 145-146 MSB-138
MHT-17C 163 MSB-79C 120-121

These oriented mounts were allowed to settle and "dry" in a
bell jar containing water vapor to keep the samples from
dehydrating completely. The XRD patterns of these "moist" samples
show no 10A peaks thought to represent halloysite. When the 10A
peaks are observed, the XRD pattern also has a sA peak indicating
the presence of illite (001 and 002 respectively).

Based on the above observations, loA.halloysite is not thought
to be present in the SRS core samples in any significant amounts.
However, to determine the presence of 7A.halloysite, additional XRD
analysis is required.

There is some question about the identity of the swelling
clays identified in three samples. MHT-17C 145, MSB-3B 98, and
MSB-79C 120, have broad peaks located between 14.66 and 14.86A,
that are indicative of hydrated vermiculite. If the SRS samples do
contain vermiculite, the vermiculite is assumed to be normally
hydrated because the samples have not been heated and were prepared
by settling in water. However, normally hydrated vermiculite can
be difficult to distinguish from smectite because they both produce
14A peaks. In addition, sample preparation methods to specifically
identify vermiculite, such as Mg saturation and glycerol exposure,
were not preformed on the SRS samples. Based on the current
laboratory results, it is not possible to conclusively identify
these swelling clays. For the purposes of this report, the clay
identified in these three samples, MHT-17C 145, MSB-3B 98, and MSB-
79C 120, will be referred to as a swelling clay, possibly
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vermiculite.

Conclusions

Based on the XRD results conclusions can be made as to what
clays are present in the different formations and units present at
A/M area. At least two core samples were analyzed for each of the
major mapped units in the near surface (upper 200 feet) at A/M
area. Some A/M area units are represented by samples from more than
one drillhole. Following is an interpretation of the type of clays
present in the different formations, and or units, based on the XRD
analysis. Figure 2, from Looney and others (1992), gives a
stratigraphic column for the study area to aid in the discussion.
Table 2 summarizes the type of clays minerals present by formation-
unit, in order of increasing depth.

Upland Unit
Samples representative of sand from the Upland Unit include

MHT-17c 16-18, and MSB-3B 40. The grain size distribution indicates
these sands are composed of 15% mud. The clay minerals identified
in the Upland Unit sands include kaolinite and illite. Kaolinite is
the most abundant clay present in the sands of the Upland Unit.

Samples representative of the clay layers from the Upland Unit
include MHT-20c 7-8, MHT-20c 36-38, and MHT-17c 36-38. The grain
size distribution indicates these samples are composed of 60 to 84
percent mud. The clay minerals identified in the Upland Unit clays
include kaolinite and illite. Clay layers of the Upland Unit are
composed primarily of kaolinite.

Tobacco Road Sand

Samples representative of sand from the Tobacco Road Sand
include MHT-17c 52-52, MHT-17c 54-56, and MHT-17c 56-58. The grain
size distribution indicates these sand samples contain between 5
and 8 percent mud. The clay minerals identified in the Tobacco Road
Sands include kaolinite and illite. Kaolinite is the most abundant
clay present in the Tobacco Road Sand.

Dry Branch Formation
Samples representative of sand from the Dry Branch Formation

include MSB-79c 80 and MHT-17c 82-84. The grain size distribution
indicates these sand samples contain 5 percent mud. The clay
minerals .identified in the sands of the Dry Branch Formation
include smectite, kaolinite and illite. Smectite was only observed
in one of the Dry Branch sand samples (MSB-79c 80).

Tan Clay Zone

Samples representative of "tan clay zone" include MSB-3B 98
and MSB-79C 120-121. The grain size distribution indicates the mud
content of these samples ranges from 25 to 50 percent. The clay
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minerals identified in the "tan clay zone" include a swelling clay,
kaolinite and illite. The XRD data suggest that the swelling clay
may be vermiculite. Kaolinite is the most abundant clay present in
sample MSB-3B 98. The XRD patterns for MSB-79C 120-121 have no well
defined clay peaks to make a qualitative estimate of the dominant
clay mineral.

Santee Formation

Samples representative of the Santee Formation include MHT-17C
121-123 and MSB-3B 113. The grain size distribution indicates the
mud content of these samples ranges from 8 to 10 percent. The clay
minerals identified in these sand samples include a swelling clay,
kaolinite and illite. The swelling clay was observed only in one
Santee sample, MSB-3B 113. The XRD data suggest the clay is
smectite, present as a layered smectite-illite mineral.

Warley Hill Formation

Samples representative of sands of the Warley Hill Formation
include MSB-3B 138, MHT-17c 145-146, MHT-17c¢ 158 and MSB-79c¢ 167.
The grain size distribution indicates the mud content of these
samples ranges from 2 to 10 percent. The clay minerals identified
in these sand samples include smectite, vermiculite, kaolinite and
illite. Swelling clay, smectite and or vermiculite was observed in
all the Warley Hill samples. The XRD data suggest the smectite
present in these samples is as a layered smectite-illite mineral.
Kaolinite and illite were observed in all the Warley Hill samples,
however, sample MHT-17C 145-146 only has a very small amount of
kaolinite and only a trace of illite.

Green Clay Zone
Samples representative of "green clay zone" include MSB-3B

162. MHT-17C 163, MHT-17C 164 and MSB-79c 206. The grain size
distribution indicates the mud content of these samples ranges from
15 to 47 percent. The clay minerals identified in the "green clay
zone" include kaolinite, illite and smectite. Kaolinite is the
most abundant clay present. Smectite was identified in only one of
the "green clay zone" samples (MSB-79c 206), and may be present in
minor amounts.

XRD Summary

Twenty two SRS core samples from the A/M area were analyzed
using x-ray diffraction methods to determine what clay minerals
were present. The samples, from 4 different drillholes, were
thought to be representative of typical A/M area near surface
(upper 200 feet) sand and clay sediments. Clay minerals identified
in the core samples include smectite, possibly vermiculite,
kaolinite and illite. Halloysite, although reported in the
literature, was not observed in these SRS samples.

Kaolinite and illite were the most commonly observed clays in
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the SRS samples. Kaolinite was observed in all 22 core samples,
and is generally thought to be the most abundant clay in a given
sample. Illite was observed in 21 of the samples, although it is
thought to occur in relatively small amounts.

Swelling clays, smectite and or vermiculite, were observed in
9 samples. In 6 of the samples swelling clays were a significant
component of the clay minerals present, in 3 samples swelling clays
appeared to be a minor component. The smectite clays are thought
to be present as both smectite, and as a mixed layer smectite-
illite clay.

The XRD data indicates that the clays present in the Upland
Unit and the Tobacco Road Sand include kaolinite and illite. The
clay minerals identified in the Dry Branch and Santee Formations
include smectite, kaolinite, and illite. Clay minerals identified
in the Warley Hill Formation include smectite, vermiculite,
kaolinite, and illite. The "tan clay zone" clay minerals are
composed of swelling clay and kaolinite with minor amounts of
illite. The "green clay zone" clay minerals are composed of
smectite, kaolinite, and illite.
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Section 2

X-Ray Diffraction Studies of
Clay-organic Reactions _

W s e -

Introduction

This section of the report describes the preliminary results
of x-ray diffraction (XRD) studies to determine if the clay
minerals present in the A/M area react with PCE and TCE.
Experiments were also conducted to determine if exposure to
isopropyl alcohol, a proposed surfactant, would modify the crystal
structure of halloysite.

Numerous clay-organic reactions have been observed, including:
cation exchange, anion exchange, cation-dipole effects, adsorption
by proton transfer, hydrogen bonding, water bridge complexes,
ligand exchange and chelation, van der Waals attraction,
polymerization, and catalyzed and initiation reactions (Theng 1974
and 1979; Grim, 1968; and van Olphen, 1977). These reactions are
poorly understood, little is known about the specific reaction
mechanisms or which organic compounds react with what clays (Lucius
and others, 1989, and Fitch, 1990). Clay-organic reactions
involving PCE have been reported (Anderson and others, 1985; Brown
and Thomas, 1984; Rogers and McFarlane, 1981; Rao and others, 1988;
and Karickhoff, 1981). These studies indicate that PCE reacts with
clay minerals, but do not identify specific reaction mechanisms.

PCE and TCE are non-polar organic molecules. Very little is
known about the behavior of non-polar species at the clay surface
interface (Theng, 1974). Non-polar organic molecules are believed
to be adsorb on to clay surfaces by van der Waals attraction. Van
der Waals attractions are weak forces produced by intermolecular
attractions between non-polar molecules. In general, larger organic
molecules are more strongly adsorbed to clay mineral because of a
greater surface areas for Van der Waals attractions (Theng, 1974).
PCE and TCE are short aliphatic chain molecules, therefore the van
der Waals attractions would be relatively weak.

Experimental Approach

XRD has been applied to numerous clay-organic reaction studies
(Bradley, 1945; MacEwan, 1944 and 1946; Grim, 1968; Theng, 1974;
Greenland and Quirk, 1962). XRD is applicable to clay-organic
research because the adsorption of organic compounds is not limited
to the exterior surface of the clay minerals. Interlamellar
adsorption of organic compounds results in a change in the d-
spacing of the clays which is measured using the XRD method.
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Using XRD analysis Bradley (1945) and MacEwan (1944 and 1946)
demonstrated that numerous polar organic compounds adsorbed on the
basal surfaces of both montmorillonite and halloysite. The d-
spacing varies dependent on the organic molecule adsorbed. The
adsorption of polar organic molecules on the clay surface does not
appear to displace the inorganic cations present on the surface
(Grim, 1968). The XRD results of clay-organic reaction studies are
generally published in tabulated form, giving avalues for the
change in d-spacing resulting from the intercalation of organic
molecules (Talibudeen, 1954; Grim, 1968; Brindley and Brown, 1980;
Theng, 1974 and 1979; and Greenland and Quirk, 1962).

Three different types of clay-organic XRD experiments were
conducted including: 1. exposure of reference clays to solvents,
PCE and TCE, present at A/M area, 2. exposure of A/M area swelling
clay samples to solvents present at SRS, and 3. exposure of
halloysite to isopropyl alcohol.

Sample Preparation
The clay samples were exposed to either vapor phase or liquid

phase. The type of exposure, and length of exposure was varied
depending on the purpose of the experiment. For vapor phase
exposures hydrated clay samples, prepared as oriented mounts
described in section 1, were placed in a bell jar containing the
solvent vapor at room temperature. The atmosphere inside the bell
jar was filled with solvent vapor due to the high vapor pressure of
the solvent (s) used. Vapor phase exposures ranged from 12 hours to
two months, depending on the individual exposure experiments.
Individual samples were removed from the bell jar and immediately
analyzed on the XRD to minimize any collapse of layers due to
evaporation of the solvent from the sample into the air.

Three different techniques were used for 1liquid phase
exposures. The most common method of liquid phase exposure was to
place three drops of solvent on an oriented mount using an eye
dropper. To keep the liquid phase from evaporating, the sample
mount was. then placed in a bell jar containing the same solvent in
vapor form. The liquid-exposed, oriented mounts were kept in the
bell jar for at least 1 hour before XRD analysis.

Another liquid-phase-exposure method was to place
approximately one cm® of clay sample on a watch glass. The clay was
saturated with solvent then stirred into a paste having the
consistency of drywall mud. The clay-solvent "mudball" was allowed
to dry by evaporation in a fume hood. The drying process took about
15 minutes. The dried clay was scraped off the watch glass onto a
sheet of paper with a stainless steel spatula then chopped into a
fine powder using a glass slide. The powdered sample was mounted
as a bulk sample for XRD analysis. Samples prepared using this
technique are referred to as "mudball" mounts.
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The third liquid-phase-exposure technique used was to place
approximately one cm® of sample into a test tube with a few
milliliters of solvent. The tube was sealed with a rubber stopper
and vigorously shaken for about 1 minute. Clay-solvent mixtures
were generally allowed to settle over night before XRD analysis.
For XRD analysis, a sample of the clay was removed from the test
tube using a stainless steel spatula and smeared on a glass slide.
This method of liquid phase exposure was used the least because it
generated the most waste solvent and produced relatively poor XRD
patterns with high background counts and low intensity peaks.

Reference Clays

Clay minerals reported at SRS include kaolinite, halloysite,
smectite, vermiculite, illite and glauconite (Segall, 1992, and
Looney and others, 1992). Reference clay samples of illite (IMt-1),
kaolinite (KGa-1 and KGa-2), and Ca- and Na-montmorillonite (STx-1
and Swy-1), were exposed to PCE and TCE. The exposed clays were
then analyzed on the XRD for changes in their d-spacings that would
indicate the possible formation of clay-organic complexes.
Vermiculite and glauconite clays were not included in this
experiment. Samples of the reference clays were obtained from the
Clay Mineral Society, Source Clay Minerals Repository, University
of Missouri, Columbia, MO.

Kaolinite

Two samples of kaolinite reference clay were exposed to liquid
phase solvents and analyzed on the XRD. Two kaolinite mudball
mounts were prepared using PCE and isopropyl alcohol. A TCE
exposure was not performed. The two XRD patterns were compared with
a bulk kaolinite XRD pattern on the video monitor. No shift in the
position of the solvent exposed kaolinite peaks were observed
suggesting no clay-organic complex forms with these solvents and
kaolinite.

Illite

Three samples of the illite reference clay, IMt-1, were
exposed to liquid phase solvents and analyzed on the XRD. Three
illite mudball mounts were prepared using PCE, TCE, and isopropyl
alcohol. The three XRD patterns were compared with a bulk IMt-1 XRD
pattern on the video monitor. No shift in the position of the
illite d(001) and d(002) peaks were observed, suggesting no clay-
organic complex forms with the solvents and illite clays.

Ca-montmorillonite

Two oriented mounts of a Ca-montmorillonite, STx-1, were
prepared and exposed to TCE and PCE vapor for about 12 hours. The
XRD analysis indicates that the d-spacing of both samples
increased. Figure 3 shows a comparison of the TCE vapor exposed
clay and an oriented mount. The d-spacing increased from 14.66 to
18.03A indicating that TCE reacts with Ca-montmorillonite and
enters the interlayer spaces of the crystal structure. Figure 4
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shows a comparison of the PCE vapor exposed clay and an oriented
mount. The d-spacing increased from 14.66 to 15.44A.indicating that
PCE also reacts with Ca-montmorillonite. The PCE exposed sample
did not swell as much as the TCE sample, suggesting that TCE may be
more reactive that PCE.

Na-montmorillonite

Two oriented mounts of a Na-montmorillonite, SWy-1, were
prepared and exposed to TCE and PCE vapor for about 12 hours. A
comparison of the oriented mount and the TCE vapor exposed mount
showed a d-spacing increase from 12.60 to 14.14A, suggesting that
TCE reacts with Na-montmorillonite. The XRD pattern of the PCE-
exposed sample has two peaks at 23.9 and 12.52A. The double peak
suggests that PCE may have entered every other interlayer space of
the crystal structure on an ordered basis. The double suggests
that PCE does react with Na-montmorillonite.

SRS Swelling Clays

Nine SRS A/M area core samples were determined to contain
swelling clay minerals (smectite and or vermiculite, see section 1
of this report). Six of these samples were chosen for the clay-
organic XRD experiment. The 6 samples include: MHT-17C 145, MHT-17C
158, MSB-3B 98, MSB-3B 138, MSB-79C 167, and MSB-79C 80. Three of
the swelling clay samples had broad, poorly defined, low intensity
peaks and were not used in this experiment.

The samples used for this experiment are splits of the core
samples used for the XRD analysis reported in section 1 of this
report. Two oriented mounts of each clay sample were prepared using
the oriented mount technique described in section 1 of this report.
For solvent exposure, one mount of each sample was placed in a bell
jar with PCE vapor, the other was placed in a bell jar filled with
TCE vapor. The samples were exposed to the solvent vapor for at
least 10 hours before XRD analysis. After XRD analysis the samples
were returned to the respective bell jars for a one month exposure
time then reanalyzed using XRD.

MHT-17C 145

This sample is a yellow-tan clayey sand, thought to represent
the Warley Hill Formation. XRD analysis indicates the sample
contains a swelling clay, possibly vermiculite, and kaolinite and
minor illite. Figure 5 shows the results of the 10 hour vapor
phase exposures compared with the XRD pattern of the hydrated
oriented mount. All the XRD patterns have low intensities. The
swelling clay peaks are very broad and difficult to quantify
regarding peak position. The 1 month exposure XRD patterns also
have low intensities and broad peaks. Based on these data, no
interpretation regarding the swelling clay present and clay-organic
reactions can be made. The position of the kaolinite and illite
peaks have not changed with exposure indicating they do not react
with the solvents.
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MHT-17C 158

This sample is a yellow-tan clayey sand, thought to represent
the sand unit (Warley Hill) directly above the "green clay". XRD
analysis ‘indicates the sample contains smectite, kaolinite and
illite. Figure 6 shows the results of the 10 hour vapor phase
exposures compared with the XRD pattern of the oriented mount. The
TCE and PCE XRD patterns have higher intensities, however, there
are no significant shifts in the position of the 001 d-spacing. A
10 hour vapor phase exposure does not appear to produce a clay-
organic complex with this sample.

A comparison of the 10 hour PCE and 1 month PCE exposures
showed no significant change in the d-spacing. A liquid phase PCE
exposure was also analyzed. Figure 7 shows a comparison of PCE
liquid phase exposed sample and the oriented mount. No significant
change in d-spacing has occurred. The XRD data suggests that PCE
does not form a clay-organic complex with the clay(s) present in
this sample.

Figure 8 shows a comparison of the TCE 10 hour and TCE 1 month
exposure.. There is a relatively large shift in the position of the
001 peak, from 12.76 to 15.75A. This increase in the d-spacing
indicates that TCE has been drawn into the interlayer space of the
smectite, suggesting a clay-organic complex has formed. The
position of the kaolinite and illite peaks have not changed
indicating these clays do not react with the solvents.

MSB-3B 98
This sample is a yellow-brown clayey sand, thought to
represent the "tan clay". XRD analysis indicates the sample

contains a swelling clay, possibly vermiculite, and kaolinite. The
XRD patterns of the exposed clay sample (not shown) have low
intensities, are very broad and difficult to quantify regarding
peak position. Based on these data, no interpretation regarding
the swelling clay and clay-organic reactions can be made. The
position of the kaolinite peak has not changed with exposure
indicating it does not react with the solvents.

MSB-3B 138

This sample is a yellow-tan sand, thought to represent the sand
interval above the "green clay zone" (Warley Hill Formation). XRD
analysis indicates the sample contains smectite, kaolinite, and
illite. A comparison of the 10 hour vapor phase exposures with the
oriented mount shows no significant shifts in the position of the
001 d-spacing. A 10 hour vapor phase exposure does not appear to
produce a clay-organic complex.

Figure 9 shows a comparison of the oriented mount (as
received) and PCE 1 month exposure. There is a shift in the
position of the 001 peak, from 12.03 to 13.08A. This increase in
the d-spacing indicates that PCE has been drawn into the interlayer
space of the smectite, suggesting a clay-organic complex has
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formed.

Figure 10 shows a comparison of the oriented mount (as
received)- and TCE 1 month exposure. There is a relatively large
shift in the position of the 001 peak, from 12.08 to 15.63A. This
increase in the d-spacing indicates that TCE has been drawn into
the interlayer space of the smectite, suggesting a clay-organic
complex has formed.

The position of the kaolinite and illite peaks have not
changed with exposure indicating these clays do not react.

MSB-79C 80

This sample is a yellow-tan sand, thought to represent a
typical aquifer sand (Dry Branch Formation) above the "tan clay
zone". XRD analysis indicates the sample contains smectite,
kaolinite and illite. Figure 11 shows the results of the 10 hour
vapor phase exposures compared with the XRD pattern of the oriented
mount . The TCE and PCE XRD patterns have higher intensities,
however, there is no significant shift in the position of the 001
d-spacing. A 10 hour vapor phase exposure does not appear to
produce a clay-organic complex.

Figure 12 shows a comparison of the PCE 10 hour and PCE 1
month exposure. The 10 hour XRD pattern has a higher intensity that
the 1 month pattern. There is no significant shift in the position
of the 001 d-spacing, however, the 1 month XRD pattern may have a
slightly smaller d-spacing. Figure 13 shows a comparison of the 1
month exposure with the oriented mount. The PCE d-spacing is
slightly smaller that the oriented mount. A possible explanation
for the slightly smaller d-spacing is that interlayer water from
the PCE exposed clay may have evaporated into the PCE vapor
environment inside the bell jar during the month long exposure.

Figure 14 shows a comparison of the TCE 10 hour and TCE 1
month exposure. There is a relatively large shift in the position
of the 001 peak, from 12.38 to 15.46A. This increase in the d-
spacing indicates that TCE has been drawn into the interlayer space
of the smectite, suggesting a clay-organic complex has formed.

The position of the kaolinite and illite peaks have not
changed due to the exposures indicating these clays do not react
with the solvents.

MSB-79C 167

This sample is a red-brown sand, thought to represent a
typical aquifer sand (Warley Hill Formation?) above the "green clay
zone". XRD analysis indicates the sample contains smectite,
kaolinite and illite. A comparison of the 10 hour vapor phase
exposures with the oriented mount shows no significant shifts in
the position of the 001 d-spacing.
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Figure 15 shows a comparison of the oriented mount and TCE 1
month exposure. There is a relatively large shift in the position
of the 001 peak, from 12.38 to 15.36A. This increase in the d-
spacing indicates that TCE has been drawn into the interlayer space
of the smectite, suggesting a clay-organic complex has formed.

The position of the kaolinite and illite peaks have not
changed due to the solvent exposures indicating these clays do not
react.

Halloysite-isopropyl alcohol

Halloysite has been identified in the near surface sediments
at SRS. Halloysite dehydrates easily and known to form organic
complexes with some alcohols (Carr and Chin, 1971; MacEwan, 1948;
and Brindley and Brown, 1980). This halloysite-alcohol experiment
was conducted to determine if halloysite would react with the
proposed surfactant, isopropyl alcohol.

Halloysite is a member of the kaolinite group clay minerals.
Halloysite is unique among the kaolinite group minerals in that it
contains a single layer of water molecules sandwiched between its
structural T-O0 layers. Hydrated has a d(001) spacing of 10A.
Halloysite dehydrates, losing the interlayer of water and the
d(001) spacing collapses to about 7.2A. The 7.2A form is known as
metahalloysite. The dehydration is irreversible and takes place
fairly rapidly at room temperature and low relative humidities
(Brindley and Brown, 1980).

Metahalloysite (dehydrated 7.2A halloysite) is known to form
complexes with some alcohols. Published studies of alcohol-
metahalloysite complexes are given by Carr and Chih (1971) and
MacEwan (1948). These studies indicate that metahalloysite reacts
with methanol, producing a +a2.5A shift in the d(001) spacing
(Brindley and Brown, 1980). Metahalloysite exposed to ethanol, 1-
propanol and l-butanol produces only a small d(001) spacing shift
of <+a0.3A (Brindley and Brown, 1980).

During a brief review of published clay-organic literature, no
reference to 10A halloysite-isopropyl alcohol organic complexes
were located. Therefore, to determine if isopropyl alcohol would
produce a clay-organic complex, or possibly dehydrate the 10
halloysite, the following experiment was preformed:

A sample of 10A halloysite was exposed to isopropyl alcohol
then analyzed using XRD to observe changes in the d(001)
spacing. This experiment was designed to be analogous to a
halloysite bearing environment below the water table, exposed
to isopropyl alcohol.

Sample preparation
Approximately 1 cm® of 10A halloysite was crushed in a ceramic
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mortar with distilled water. The 10A halloysite sample was
obtained from Gene C. Whitney, USGS, Branch of Sedimentary
Processes, Lakewood, Colorado. The distilled water was added to
prevent the sample from 1loosing interlayer water through
evaporation. The crushed sample rinsed from the mortar into a test
tube using distilled water. The halloysite was allowed to settle
to the bottom of the test tube for about 1 hour. The distilled
water was drawn off with a pipet and 3 to 4 milliliters of 100%
isopropyl alcohol was added to the test tube. The tube was sealed
with a rubber stopper and vigorously shaken for about 1 minute. The
halloysite-alcohol mixture was allowed to sit for 48 hours before
XRD analysis.

XRD analysis
A portion of the halloysite-alcohol mixture was removed from

the isopropyl bath, using a stainless spatula, and mounted on a
glass slide for XRD analysis. The sample mount was then immediately
run on the XRD to minimize evaporation effects. During the XRD
measurement, the sample dried out due to the evaporation of the
alcohol. Figure 16 shows the XRD pattern of the halloysite exposed
to isopropyl alcohol for 48 hours.

The XRD pattern (figure 16) of the halloysite exposed to
isopropyl alcohol for 48 hours still has a peak at about 10A. This
indicates that the isopropyl alcohol does not cause the halloysite
layers to collapse. There is no apparent shift in the position of
the d(001) peak. This observation suggests that isopropyl alcochol
exposure will produced no measurable physical change in the 10
halloysite crystal structure.

Clay-organic Summary

Clay samples were exposed to solvents then analyzed using XRD
to determine if the clay minerals present at A/M area react with
PCE and TCE. The clay samples included reference samples and clay
sediment samples from A/M area cores. An experiment was also
conducted to determine if exposure to isopropyl alcohol, a proposed
surfactant, would modify the crystal structure of halloysite.

Clay minerals reported at SRS include kaolinite, halloysite,
smectite, vermiculite, illite and glauconite. Reference clay
samples of illite, kaolinite and Ca- and Na-montmorillonite (mono-
and divalent cation smectites) were exposed to PCE and TCE.
Vermiculite and glauconite clay samples were not included in this
experiment. The illite and kaolinite samples did not form clay
organic complexes. Both montmorillonites, Na and Ca, appeared to
react with the solvents. These experiments were performed using
100% clay and 100% alcohol.

Six A/M area core samples containing swelling clay (smectite
and or vermiculite) were chosen for vapor phase solvent exposures.
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Samples were analyzed in the XRD after 10 hour exposures and after
a 1 month exposure. Two of the samples had broad, low intensity XRD
peaks that were not interpretable. Of the 4 remaining samples, all
reacted with TCE vapor, as indicated by increased d-spacings. One
sample swelled due to PCE exposure, another appears to have
dehydrated during the experiment. The kaolinite and illite present
in the A/M area samples was not effected by the solvent exposures.

A sample of 10A.halloysite was exposed to isopropyl alcohol to
determine if isopropyl alcohol would react with the clay. After a
48 hour 1liquid Xhase isopropyl alcohol exposure, no measurable
change in the 10A halloysite crystal structure was observed.
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Section 3

Complex Resistivity Measurements of Selected Core Samples
From A/M area, Savannah River Site, South Carolina.

Introduction

This section of the report describes the preliminary results
of complex resistivity (CR) measurements made on 22 SRS core
samples collected from the A/M area. These samples are splits of
the samples used for the XRD analysis reported in section 1 of this
report. The samples are thought to be representative of typical
SRS near surface (upper 200 feet) sand and clay sediments. The
purpose of the CR measurements was to characterize the electrical
properties of the SRS A/M area sediments, and determine if CR
measurements can be used to differentiate DNAPL contaminated
sediments from non-contaminated sediments.

Geophysical detection of DNAPL is difficult due to the lack of
significant physical contrasts between the contaminated zones and
the surrounding sediments. DNAPLs are not magnetic, and therefore
cannot be detected by magnetic methods. The amount of DNAPL
contamination present in the pore spaces of sediments is generally
not large enough to produce detectable gravity or seismic velocity
anomalies. Due to their low solubility, DNAPLs do not dissolve and
consequently do not produce conductive plumes. Therefore,
electrical and electromagnetic methods that detect conductivity
anomalies are not applicable to the direct detection of subsurface
DNAPL.

However, some clay minerals, notably the montmorillonite
group, are know to react with organic solvents which modify the
physical and electrical properties of clay. It is possible that
clay-organic reactions may provide a means of detecting DNAPL
contamination. These laboratory measurements are designed to
determine if DNAPL contaminated clays can be differentiated from
non-contaminated clays using complex resistivity (CR) measurements.

Three sets of CR measurements were proposed including
measuring the samples in their "as received" condition, as a
function of water saturation, and as a function of DNAPL exposure.
For this interim report, only the "as received" CR measurements
have been completed. The water saturation and DNAPL exposed
measurements have not been completed at this time. However,
several CR measurements as a function of water weight percent have
been completed and are presented here. The as received measurements
provide baseline data for comparison with measurements of water
saturated and DNAPL exposed samples.
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Complex Resistivity (CR)

When an electric field is transmitted through the ground, a
temporary polarization effect is generated. Polarization effects
are produced by current-induced, electron transfer between ions in
the groundwater and minerals composing the rock or sediment. Many
polarization mechanisms have been reported including electrode,
membrane, interfacial, ionic, electronic, orientational, magneto-
electric, pyro-electric, piezo-electric, and ferro-electric
polarization (Hunt and others, 1979; Sumner, 1976). The dominant
polarization mechanisms observed in clay minerals is membrane
polarization.

Membrane polarization results from restrictive, non-
equilibrium ion transport through electrolytes in contact with
minerals having unsatisfied surface charges. These minerals, such
as clays with high cation exchange capacities, are surrounded by a
diffuse cloud of positive ions. When electric current is applied,
ion transfer through the charged ion cloud is restricted, producing
polarized zones of ion concentration and ion deficiency.

Resistivity measurements made over a wide band of frequencies
are used to produce impedance spectral signatures. In CR
measurements, resistivity and phase are measured as a function of
frequency. The impedance spectra may exhibit non-linear behavior,
and can be characteristic of a particular substance. For two
substances, such as clean and contaminated clay, the frequency
dependant electrical properties may be different enough that they
can be differentiated by their spectral signatures.

The polarization properties of clays have been measured in
several laboratory studies (Madden and Marshall, 1959; Olhoeft,
1977, 1978, 1979; Olhoeft and Scott, 1980; and Klein and Sill,
1982). These studies indicate that clays have characteristic
polarization effects produced primarily by membrane polarization
processes. The polarization properties of montmorillonite result
from its large cation exchange capacity (CEC), large surface area,
and from water bound between the silicate layers.

Laboratory studies indicate that when some organic solvents
react with clays, the polarization properties of the clay are
modified (Olhoeft, 1985; King and Olhoeft, 1989; and Sadowski,
1988) . In a study of clay-toluene reactions, Olhoeft and King
(1991) demonstrated that the resistivity of an uncontaminated clay
sample did not show frequency dependent resistivity, however, the
contaminated clay shows a strong frequency dependant resistivity.
At the lower frequencies, below 10 Hz, the resistivity of the
contaminated sample is significantly higher than that of the
uncontaminated sample. The contaminated sample also exhibited
significantly higher phase angles, indicating a chemically reactive
process. These observations indicate that mechanisms that allow
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electrical conduction have been modified by the formation of a
clay-toluene complex.

The toluene-clay reaction is different than that expected for
PCE or TCE and clay. However, the above study demonstrated that
clay-organic reactions can be observed geophysically. Based on the
results of the above study, these laboratory measurements are being
conducted to determine if CR measurements can be used to
differentiate clean and PCE and TCE contaminated clays.

Instrumentation

The CR data measurements were made at the USGS petrophysics
laboratory wusing the impedance spectroscopy instrumentation
described by Olhoeft (1985). The impedance spectroscopy
instrumentation was calibrated at the beginning of each measurement
session, to record cable generated inductive and capacitive
coupling effects. The calibration data was stored on the data
acquisition computer and removed from the data during data
processing.

Samples were measured in a cylindrical teflon sample holder,
1 inch in diameter and three inches long. Electrical signal were
transmitted to, and received from, the sample through four equally
spaced electrodes made from bright platinum mesh. Two electrodes
at the ends of the sample holder were used to transmit current
through the sample. The voltage response of the sample was measured
across two electrodes, spaced 1 inch apart, in the center of the
sample holder.

The CR data were collected on a HP 9845C computer using
NLCRSM, an unpublished computer program written by Olhoeft,
Geophysics Department, Colorado School of Mines, Golden, CO.
(information available from the author). The program controls the
impedance spectroscopy instrumentation through a HPIB interface.
The CR data presented here was collected from 100 to 0.001 Hz with
three sample points per decade. Using the sample holder geometry
(length and cross-sectional area), transmitted current and received
voltage, the program NLCRSM calculates the electric field (V/m) and
current density (A/m?). For each frequency, NLCRSM uses the
electric field and current density data to calculate real
resistivity and phase angle through Fourier analysis and
deconvolution (Sadowski, 1988).

Sample preparation
Twenty two SRS A/M area samples were measured in their "as

received" condition. Each sample was loaded into the sample holder,
trying to preserve as much of the original texture and compaction
as possible. In some of the dry sand samples, no original texture
or compaction was preserved. Some of the hard, dry clayey samples
had to be pulverized in a mortar in order to be loaded into the
sample holder.
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After the "as received" measurement was completed, an attempt
was made to add water to some samples, to observe resistivity
changes as a function of water content. Distilled water was added
through small ports in the sample holder. The amount of water
added to the sample was determined by weight, and is given as
weight percent. The dry sandy samples would generally imbibe
water, where as the clayey sediments would not due to their
relatively low permeabilities. The samples measured as a function
of water weight percent include:

MHT-17C 16-18
MHT-17C 121-123
MSB-3B 98
MSB-3B 113
MSB-3B 138
MSB-3B 162
MSB-79C 120-121

Data display
The CR data are displayed in this report as resistivity and

phase angle spectra. The data are plotted from 0.001 to 100 Hz. For
the "as received" samples, the resistivities are plotted on a
normal scale, where as the phase angle data are plotted on a log
scale. Plots of resistivity as a function of weight percent water
are plotted on a log scale. The resistivity and phase spectra are
given in appendix B.

Complex Resistivity Results

In this section of the report a brief discussion of the
individual resistivity and phase spectra is given. The discussion
includes . a brief description of the sample, grain size
distribution, clay mineral (s) present, and spectra characteristics.
The grain size distribution information given here was taken from
lithology logs obtained from C. Eddy-Dilek, Westinghouse Savannah
River Company. The percent mud grain size can be used as an
estimate of the maximum possible amount of clay present in the
sample. The clay mineral identifications come from the XRD section
of this report.

MHT-17C 16-18 feet

This sample is a very dry, reddish clayey sand. The sampled
interval average grain size distribution is 5% gravel, 80% sand and
15% mud. XRD analysis indicates the sample contains kaolinite and
illite.

The as received resistivity measurement ranges from 13,781 to
18,457 ohm-m (10 to 0.001 Hz respectively). This sample has the
highest resistivity of the 22 as received measurements. Data above
10 Hz was edited due to system noise. The resistivity spectrum is
fairly linear, showing a gradual decrease in resistivity with
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increasing frequency. The phase spectrum also shows a fairly linear
response.

Water was added to sample increasing its weight 3.76 percent.
The resulting resistivities range from 2,209 to 2,778 ohm-m (50 to
0.001 Hz respectively). Additional water was added to the sample,
bringing . its water weight percent to 13.53. The resulting
resistivities range from 1,882 to 2,352 ohm-m (100 to 0.001 Hz
respectively). The three resistivity spectra, as received, 3.76%
water and 13.53% water, are similar, showing a gradual decrease in
resistivity with increasing frequency.

MHT-17C 36-38

This sample is a hard purple clay. The sampled interval grain
size distribution is 0% gravel, 20% sand and 80% mud. XRD analysis
indicates the sample contains kaolinite and illite.

The resistivity data indicate the sample ranges from 1,862 to
2,487 ohm-m (100 to 0.001 Hz respectively). The resistivity
spectrum has two distinct slopes. from 0.001 to 0.1 Hz the slope is
relatively flat compared to above 0.1 Hz. The phase data has a non-
linear response with a low amplitude phase peak centered at 1 Hz.

MHT-17C, 52-54 feet
This sample is a very dry, yellow sand containing small clay

balls. The sampled interval average grain size distribution is 0%
gravel, 93% sand and 7% mud. XRD analysis indicates the sample
contains kaolinite and illite.

The resistivity data indicates the sample ranges from 1,267 to
1,427 ohm-m (100 to 0.001 Hz respectively). The resistivity data
has a non-linear response, showing a marked decrease in resistivity
above 0.2 Hz. The phase data has no significant phase peak.

MHT-17C, 54-56 feet

This sample is a very dry, purple sand. The sampled interval
average grain size distribution is 0.1% gravel, 92% sand and 8%
mud. XRD analysis indicates the sample contains kaolinite and
illite.

The resistivity spectra indicates the sample ranges from 1,206
to 1,370 ohm-m (100 to 0.001 Hz respectively). The resistivity data
has a non-linear response, showing a marked decrease in resistivity
at about 0.2 Hz. The resistivity spectra has an inflection point at
about 1.0 Hz. The phase spectra has no significant phase peak at 1
Hz. The phase data below 0.1 Hz appear to be noisy.

MHT-17C, 56-58 feet

This sample is a moist, purple clayey sand. The sampled
interval average grain size distribution is 0.1% gravel, 93% sand
and 7% mud. XRD analysis indicates the sample contains kaolinite
and illite.
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The resistivity spectra indicates the sample ranges from 1,872
to 2,225 ohm-m (100 to 0.001 Hz respectively). The resistivity data
has a fairly 1linear response, showing a gradual decrease in
resistivity with increasing frequency. The phase spectra shows no
significant phase peak, data below 0.1 Hz appears to be noisy.

MHT-17C, 82-84 feet .

This sample is a dry, yellow-brown sand. The sampled interval
average grain size distribution is 0% gravel, 95% sand and 5% mud.
XRD analysis indicates the sample contains kaolinite and only minor
illite.

The resistivity data indicates the sample ranges from 1,230 to
1,332 ohm-m (100 to 0.001 Hz respectively). The resistivity
spectrum has a fairly linear response, however, two distinct slopes
are present. From 0.001 to 0.2 Hz, the slope is relatively flatter
than above 0.2 Hz. The phase spectra shows no significant phase
peak, data below 0.5 Hz are noisy.

MHT-17C, 121-123 feet
This sample is a dry, yellow-brown clayey sand. The sampled

interval average grain size distribution is 1% gravel, 91% sand and
8% mud. The XRD analysis indicates the sample contains minor
kaolinite and minor illite.

The resistivity data indicates the sample ranges from 1,599 to
1,940 ohm-m (100 to 0.001 Hz respectively). The resistivity
spectrum shows a non-linear decrease in resistivity, being steeper
at the lower frequencies (0.001 to 5 Hz) than at higher frequencies
(5 to 100 Hz). The phase spectra shows no well defined phase
peaks.

Water was added to sample increasing its weight 8.97% percent.
The resulting resistivities range from 1,520 to 1,580 ohm-m (100 to
0.001 Hz respectively). The two resistivity spectra are similar,
however, the as received spectrum shows slightly more frequency
dependency that the 8.97% water spectrum.

MHT-17C, 145-146 feet
This sample is a moist, yellow-tan clayey sand. The sampled

interval average grain size distribution is 2% gravel, 88% sand and
10% mud. XRD analysis indicates the sample contains a swelling clay
mineral, kaolinite, and possibly minor illite.

Of the 22 SRS core samples measured, this sample has the
lowest resistivity, ranging from 30.2 to 36.3 ohm-m (100 to 0.001
Hz respectively). The resistivity spectra is fairly 1linear,
however, the low frequency response (0.001 to 0.02 Hz) has a
steeper slope than at higher frequencies. From 0.5 to 100 Hz, the
resistivity spectra has a linear response, showing a gradual
decrease 'in resistivity with increasing frequency. The phase
spectra has a low at 0.05 Hz and a low-amplitude peak at 5.0 Hz.
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MHT-17C, 158 feet
This sample is a moist, dry yellow-tan clayey sand. The

sampled interval average grain size distribution is 0% gravel, 98%
sand and 2% mud. The XRD analysis indicates the sample contains a
swelling clay mineral, kaolinite and illite.

The resistivity data range from 62.3 to 84.7 ohm-m (100 to
0.001 Hz respectively). The resistivity spectrum is fairly linear,
however, there is a slight inflection at 5.0 Hz, above which the
slope of the resistivity is more gradual. The phase spectra shows
a broad phase peak at 10Hz.

MHT-17C, 163 feet
This sample is a moist, tan clayey sand. The sampled interval

average grain size distribution is 0.1% gravel, 85% sand and 15%
mud. XRD analysis indicates the sample contains kaolinite and
illite.

The resistivity data range from 191 to 217 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a non-linear
response, showing three different slopes. The low frequency data,
0.001 to 0.02 Hz, has a relatively steep slope, the middle
frequencies, from 0.02 to 2.0 Hz has a relatively flat slope, and
the high frequencies (2.0 to 100 Hz) have an intermediate slope.
The phase data is relatively noisy, no distinct phase peaks were
observed.

MHT-17C, 164 feet
This sample is a moist, tan clay. The sampled interval

average grain size distribution is 0.1% gravel, 85% sand and 15%
mud. XRD analysis indicates the sample contains kaolinite and
illite.

The resistivity data range from 233 to 254 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a non-linear
response, showing three different slopes. The low frequency data,
0.001 to 0.005 Hz, has a relatively steep slope. From 0.005 to 0.05
Hz the slope is relatively flat and slightly positive. From 0.05
to 100 Hz, the resistivity has a fairly steep showing a decrease in
resistivity. The phase data are relatively noisy, particularly
below 0.1 Hz, no distinct phase peaks were observed.

MSB-3B, 40 feet
This sample is a purple clayey sand. The sampled interval

grain size distribution is 5% gravel, 80% sand and 15% mud. XRD
analysis indicates the sample contains kaolinite and minor illite.

The resistivity data range from 432 to 534 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a non-linear
response. The 1low frequency response, 0.001 to 0.05 Hz is
relatively flat. From 0.05 to 100 Hz, the resistivity decreases,
there is a slight inflection at 2.0 Hz, above which the slope of
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the resistivity begins to flatten out. The phase spectra shows a
broad low amplitude peak at 1 Hz.

MSB-3B, 98 feet
This sample is a yellow-brown clayey sand. The sampled

interval average grain size distribution is 10% gravel, 65% sand
and 25% mud. XRD analysis indicates the sample contains a swelling
clay mineral and kaolinite.

The resistivity data range from 328 to 427 ohm-m (100 to 0.001
Hz respectively). The resistivity spectra in non-linear. The low
frequency response, 0.001 to 0.1 Hz has a relatively shallow slope.
From 0.1 to 100 Hz, the slope becomes steep and the resistivity
decreases. There is a slight inflection at 20 Hz, above which the
slope of the resistivity begins to flatten out. No phase peaks
were observed in the phase spectra.

Water was added to sample increasing its weight 13.97%
percent. The resulting resistivities range from 74.6 to 84.3 ohm-m
(100 to 0.001 Hz respectively). The two resistivity spectra, as
received and 13.97% water, are similar, however, the as received
spectrum shows slightly more frequency dependency above 10 Hz.

MSB-3B, 113 feet
This sample is a light tan sand. The sampled interval average

grain size distribution is 3% gravel, 87% sand and 10% mud. XRD
analysis indicates the sample contains a swelling clay mineral,
kaolinite and illite.

The resistivity data range from 308 to 577 ohm-m (100 to 0.001
Hz respectively). The resistivity spectra in non-linear. The low
frequency response, 0.001 to 0.1 Hz has a relatively shallow slope.
From 0.1 to 10 Hz, the slope becomes steep then at 10 Hz the slope
flattens out. The phase spectra shows a broad peak centered at 2
Hz.

Water was added to sample increasing its weight 9.81 percent.
The resulting resistivities range from 143 to 185 ohm-m (100 to
0.001 Hz respectively). Additional water was added to the sample,
bringing its water weight percent to 14.43. The resulting
resistivities range from 88.6 to 94.1 (100 to 0.001 Hz
respectively). The three resistivity spectra are similar, however,
frequency dependency appears to decrease with increasing water
content. -

MSB-3B, 138 feet
This sample is a yellow-tan sand. The sampled interval

average grain size distribution is 7% gravel, 83% sand and 10% mud.
XRD analysis indicates the sample contains a swelling clay mineral,
kaolinite, and illite.

The resistivity data range from 417 to 547 ohm-m (100 to 0.001
Hz respectively). The resistivity spectra fairly linear. The
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phase speétra shows no significant phase peak, data below 0.02 Hz
is noisy.

Water was added to sample increasing its weight 12.3% percent.
The resulting resistivities range from 266 to 306 ohm-m (100 to
0.001 Hz respectively). The two resistivity spectra are similar,
however, the as received spectrum shows slightly more £frequency
dependency at the low frequencies.

MSB-3b, 162 feet
This sample is a moist, tan clay. The sampled interval

average grain size distribution is 1% gravel, 79% sand and 20% mud.
XRD analysis indicates the sample contains kaolinite and illite.

The resistivity data range from 3776 to 627 ohm-m (100 to
0.001 Hz respectively). The resistivity spectra has a non-linear
response, with an increase in slope through the middle frequency
range (0.02 to 10 Hz). The phase spectra has a peak at 1 Hz.

Water was added to sample increasing its weight 5.64% percent.
The resulting resistivities range from 279 to 392 ohm-m (100 to
0.001 Hz respectively). The two resistivity spectra are very
similar.

MHT-20C, 7-8 feet

This sample is a dry, reddish clay. The sampled interval
grain size distribution is 1% gravel, 15% sand and 84% mud. XRD
analysis indicates the sample contains kaolinite and illite.

The resistivity data range from 1,726 to 2,417 ohm-m (100 to
0.001 Hz respectively). The resistivity spectra fairly linear.
The phase spectra has a flat slope through the middle frequency
range (0.2 to 5 Hz) and shows no phase peak.

MHT-20C, 36-38 feet
This sample is a very hard, purple clay. The sampled interval

grain size distribution is 0% gravel, 40% sand and 60% mud. XRD
analysis indicates the sample contains kaolinite and illite.

The resistivity data range from 2564 to 3,346 ohm-m (50 to
0.001 Hz respectively). The resistivity spectrum has two distinct
slopes. From 0.001 to 0.2 Hz the slope is flatter than above 0.2
Hz. The phase spectra shows no significant phase peaks.

MSB-79C, 80 feet
This sample is a slightly moist, yellow-tan sand. The sampled

interval average grain size distribution is 3% gravel, 92% sand and
5% mud. XRD analysis indicates the sample contains a swelling clay
mineral, kaolinite and illite.

The resistivity data range from 386 to 460 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a non-linear
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response. From 0.001 to 0.02 Hz the slope is positive. Above 0.02
Hz the slope goes negative and the resistivity decreases with
increasing frequency. The phase data has a peak 5.0 Hz, below 0.05
Hz the data were noisy and edited from the plot.

MSB-79C, 120-121 feet

This sample is a moist, yellow-brown gandy clay. The sampled
interval average grain size distribution is 0% gravel, 50% sand and
50% mud. . XRD data suggest the sample contains a swelling clay
mineral, kaolinite and illite.

The resistivity data range from 242 to 354 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a fairly 1linear
response. The phase data are fairly flat through the middle
frequencies (0.1 to 10 Hz), no significant phase peaks are
observed.

Water was added to sample increasing its weight 4.28% percent.
The resulting resistivities range from 198 to 238 ohm-m (100 to
0.001 Hz respectively). The two resistivity spectra, as received
and water added, are similar, however, the as received spectrum has
a slightly steep slope suggesting a decrease in frequency
dependency with increasing water content.

MSB-79C, 167 feet
This sample is a moist, red-brown sand. The sampled interval

average grain size distribution is 5% gravel, 91% sand and 4% mud.
XRD analysis indicates the sample contains a swelling clay mineral,
kaolinite and illite.

The resistivity data range from 75 to 124 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a non-linear
response. From 0.001 to 0.2 Hz the slope is relatively flat. Above
0.2 Hz the slope becomes steeper, flatting out again above 20 Hz.
The phase spectrum has a peak centered between 2.0 and 5.0 Hz.

MSB-79C, 206 feet
This sample is a moist, yellow-brown to white clay. The

sampled interval average grain size distribution is 3% gravel, 50%
sand and 47% mud. XRD analysis indicates the sample contains
kaolinite and illite, and a small amount of a swelling clay
mineral.

The resistivity data range from 172 to 213 ohm-m (100 to 0.001
Hz respectively). The resistivity spectrum has a non-linear
response. From 0.001 to 0.005 Hz the slope is relatively steep,
then flattens out from 0.005 to 0.1 Hz. Above 0.1 Hz the slope
increases, flatting out again above 20 Hz. The phase spectrum has
a peak centered at 2.0 Hz.
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Electrical Measurement Summary

Complex resistivity (CR) measurements were made on 22 SRS core
samples collected from the A/M area. The purpose of the CR
measurements was to characterize the electrical properties of the
SRS A/M area sediments, and determine if CR measurements can be
used to differentiate DNAPL contaminated sediments from non-
contaminated sediments. The samples were measured in their "as
received" condition. The resistivity of some samples were measured
as a function of water weight percent. The "as received"
measurements provide baseline CR data for comparison with water
saturated and DNAPL exposed measurements.

The "as received" resistivities of the SRS samples ranged from
30.2 to 18,457 ohm-m. This range of resistivities is consistent
with resistivities observed in the borehole logging data (verbal
communication with Philip H. Nelson, USGS; see Nelson and Kibler,
1995). The "as received" resistivities vary due to the different
amounts of water present in the sample and due to different
sediment composition. Dry sand samples had the highest
resistivities where as moist clayey sediments had the lowest
resistivities.

Figure 17 shows a plot of resistivity vs phase angle for the
"as received" samples. The data presented were measured at a
frequency of 1 Hz. The samples are plotted with two different
symbols representative of the two clay types; one for samples
containing swelling clays (smectite and or vermiculite), and one
for samples that contain no swelling clays. The plot shows that at
this frequency, the clays have no relationship between resistivity
and phase. The figure clearly indicates that the mode of the
swelling clay samples has a lower resistivities than the mode of
‘the non-swelling clay samples.

Figure 18 shows a plot of resistivity vs phase angle measured
at 100 Hz. The samples are plotted with two different symbols
representative of different clay types. The figure indicates that
at 100 Hz, resistivity and phase are related. The resistivities
observed at 100 Hz are lower than the resistivities measured at 1
Hz. As with the 1 Hz data (figure 17), the 100 Hz data indicates
that samples containing swelling clay generally have lower
resistivities than non-swelling clay samples.

Figure 19 shows a plot of resistivity vs percent clay,
measured at a frequency of 1 Hz. Figure 20 shows a plot of
resistivity vs percent clay, measured at a frequency of 100 Hz.
The samples are plotted with two different symbols representative
of different clay types. The figures indicate that the resistivity
of the "as received" samples is not dependent upon clay content.
Interestingly, the lowest resistivity samples observed had a low
clay content (10 percent or less) and were composed of swelling
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clay minerals.

Figure 21 shows a plot of phase angle vs percent clay,
measured at a frequency of 1 Hz. Figure 22 shows a plot of phase
angle vs percent clay, measured at a frequency of 100 Hz. The
samples are plotted with two different symbols representative of
different clay types. The figures indicate. that the phase response
of the "as received" samples is not dependent upon clay content.
The 1 Hz phase data suggests that the mode of the swelling clay
samples has a higher phase angle than the mode of the non-swelling
clay samples. The 100 Hz phase data suggests that swelling clay
samples generally have a lower phase angle response than the non-
swelling clays.

Addition CR measurements are required to determine if the

electrical properties of the SRS sediments are modified by clay-
organic reactions with the solvents present at A/M area.
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Summary of the type and_distribution of clay minerals

Table 1
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Drillhole Interval | Unit-composition Clays Present
MHT-17C 16-18 Upland-sand +kaolinite, illite
MHT-17C 36-38 Upland-clay +kaolinite, illite
MHT-17C 52-54 Tobacco-sand +kaolinite, illite
MHT-17c¢ 54-56 Tobacco-sand +kaolinite, illite
MHT-17C - 56-58 Tobacco-sand +kaolinite, illite |
| MaT-17¢ 82-84 | Dry Branch-sand | +kaolinite, -illite |
MHT-17C 121-123 Santee-sand -kaolinite, -illite
MHT-17C 145-146 | Warley Hill-sand | vermiculite, -
kaolinite, -illite?
MHT-17C 158 Warley Hill-sand | smectite, +kaolinite,
: illite
MHT-17C 163 Green Clay-clay +kaolinite, illite
=l
MHT-17C 164 Green Clay-clay +kaolinite, illite
MSB-3B 40 Upland-sand +kaolinite, -illite
MSB-3B 98 Tan Clay-clay vermiculite,
kaolinite
MSB-3B 113 Santee-sand smectite, kaolinite,
illite
MSB-3B 138 Warley Hill-sand | smectite, +kaolinite,
illite
MSB-3B 162 Green Clay-clay +kaolinite, illite
(| MET-20c 7-8 Upland-clay +kaolinite, illite
MHT-20C 36-38 Upland-clay +kaolinite, illite
MSB-79C 80 Dry Branch?-sand | +smectite, kaolinite,
illite
MSB-79C 120-121 | Tan Clay-clay -kaolinite, -illite, |
vermiculite
MHT-79¢ 167 Warley Hill-sand | smectite, kaolinite,
' illite
MHT-79C 206 Green Clay-clay +kaolinite, illite,
smectite
Note: + = abundant clay in sample, - = minor amount detected



Table 2

Summary of clays present by unit, in order of increasing depth

Note: + =
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Unit-compositionIlDrillhole Interval Clays Present
Upland-clay MHT-20c 7-8 | +kaolinite, illite "
Upland-sand MHT-17C 16-18 +kaolinite, illite
Upland-clay ||MHT-17C 36-38 +kaolinite, illite
Upland-clay MHT-20C 36-38 +kaolinite, illite
Upland-sand MSB-3B 40 +kaolinite, -illite
Tobacco-sand MHT-17C 52-54 +kaolinite, illite
Tobacco-sand MHT-17c¢ 54-56 +kaolinite, illite
Tobacco-sand MHT-17C 56-58 +kaolinite, illite
Il
Dry Branch?-sand || MSB-79C 80 +smectite, kaolinite,
illite
Dry Branch-sand MHT-17C 82-84 +kaolinite, -illite
Tan Clay-clay MSB-3B 98 vermiculite,
kaolinite
Santee-sand MSB-3B 113 smectite, kaolinite,
illite
Tan Clay-clay MSB-79C 120-121 -kaolinite, -illite,
. vermiculite
Santee-sand MHT-17C 121-123 -kaolinite, -illite
Warley Hill-sand [| MSB-3B 138 smectite, +kaolinite, |l
" illite
Warley Hill-sandlIMHT-17C 145-146 -kaolinite, -illite?,
vermiculite
Warley Hill-sand || MHT-17C 158 +kaolinite, illite,
vermiculite
Green Clay-clay || MSB-3B 162 +kaolinite, illite ﬂ
Green Clay-clay lIMHT-17C 163 +kaolinite, illite “
Green Clay-clay ||MHT—17C 164 +kaolinite, illite
Warley Hill-sand || MHT-79c 167 smectite, kaolinite,
. illite
Green Clay-clay MHT-79C 206 +kaolinite, illite,

] smectite "
abundant clay in sample, - = minor amount detected
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Figure 1. Map of a part of the A/M area showing the location of the
MSB and MHT drillholes. The core samples analyzed in this report
came from drillholes MHT-17C, MHT-20, MSB-3B, and MHT-79C.
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Groups Formations Period/Epoch] Rohdmerican | Eagopean
0 pland Unit_ A —Age Unknown | Age Unknown
Tobacco Road Formation
Bamwell
Group | Dry Branch [FreaSiine Jacksonian | Priabonian
Formation | Griffins Landing Mixr
100 - —__Clinchfighd G
Farusdon _| Cow Gre biambe Bartonian
O’“G'rf)?p‘“‘ Warley Hill Formation Claibornian
200 - Congaree Formation | Lutetian
" " Sabinian ans?n
Black Mingo pep Member Thanetian
Group Paleocene| ) rq.a X
f Ellenton Member, yan Danian
Ei 300 - Rhems Formation’
& Steel Creck Member,
E 400 — Peedee Formation Navarroan | Maastrichtian
m
(a) T T W W N P
E Lumbee
= 3007  Group Black Creck Formation
é Tayloran Campanian
e T O N W W,
a.
o,
< 600
Middendorf Formation .
700 — Santonian
Cretaceous | Austinian
800 — ”
e o
Cape Fear Formation Coniacian?
900 — Turonian?
aleozoic Crysulline riassic “Triassic, Paleozoic or Precambrian
Basement / Newark Supergroup
ll:‘ég‘zlfe 2. Stratigraphic column for SRS (from Looney and others,
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Resistivity vs Phase Angle
Frequency = 1 Hz
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Figure 17. A plot of resistivity vs phase angle for the "as
received" samples measured at 1 Hz. The plot shows no relationship
between resistivity and phase. Swelling clay samples generally
have lower resistivities than non-swelling clay samples.
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Resistivity vs Phase Angle
Frequency = 100 Hz
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Figure 18. A plot of resistivity vs phase angle measured at 100 Hz.
The plot indicates that at 100 Hz, resistivity and phase are
related.

USGS OFR 96-699 64



Resistivity vs Percent Clay
Frequency = 1 Hz
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Figure 19. shows a plot of resistivity vs percent clay, measured at
a frequency of 1 Hz. The plot indicates that the resistivity of
the "as received" samples is not dependent upon clay content.
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Resistivity vs Percent Clay
Frequency = 100 Hz
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Figure 20. shows a plot of resistivity vs percent clay, measured at
a frequency of 100 Hz. The plot indicates that the resistivity of
the "as received" samples is not dependent upon clay content.
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Resistivity vs Percent Clay
Frequency = 100 Hz
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Figure 21. A plot of phase angle vs percent clay, measured at a
frquency of 1 Hz. The plot indicates that the phase of the "as
received" samples is not dependent upon clay content.
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Phase vs Percent Clay
Frequency = 100 Hz
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Figure 22. A plot of phase angle vs percent clay, measured at a
frequency of 100 Hz. The plot indicates that the resistivity of the
"ag received" samples is not dependent upon clay content.
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Appendix A

X-ray Diffraction Patterns of SRS Core Samples

Notes on XRD plots. All XRD data was plotted as raw,
uncorrected, data. The file name of each XRD plot is in the
upper left hand corner of each plot. The suffix of the file
name ".rd" denotes raw data. The last two letters of the file
name indicate the type of mount. File names of oriented
samples end with "o" or "or". Files names of glycolated
samples end with "g" or "og".

The bottom horizontal scale is the angle 20. The top
horizontal scale is d-spacing in A. The left vertical scale is
the intensity of x-rays in counts per second (cps). The right
vertical scale is percent. Peak labels are d-spacing/cps.
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Appendix B

Resistivity and Phase Spectra of SRS Core Samples

USGS OFR 96-699 114
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MHT-17C 16-18

Resistivity as a function of water %
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Resistivity (ohm-m)

MHT-17C 121-123

Resistivity as a function of water %

10000
"-H - nay S -
s (L I SR L N . S S ---4»--“--“ -+ IR
1000
0.001 0.01 0.1 1 10 100
Frequency

—m— As received

-+-- 8.97% water added




Resistivity (ohm-m)

MHT-17C 145-146

As received resistivity

37

100

36'\

)\

34

33

1T T T1TTT

32

31

30
0.001

0.01

0.1 1 10
Frequency

—m— Resistivity --+-- Phase

124

Phase (milliradians)



Resistivity (ohm-m)

MHT-17C 158

As received resistivity

85 100
\\ LAt e SO .
A i

TP TTTT

. e
80 N 4+ PRI
l’ p—
\-\-\\ .
R
*"1&. - :
/*h‘\_ g 4’*\*\ ™
75 b -+ &
y E

3
v
)
[}
[}
)
&
®
N
.
LI L LA
-t

70 =
\\

65 \l\ I
\‘\ B

i

60— : -1
0.001 0.01 0.1 1 10 100

Frequency

—=— Resistivity -——+-- Phase

125

Phase (milliradians)



Resistivity (ohm-m)

MHT-17C 163

As received resistivity

220 J\ 100
215 i
\ 1
210 T N
\.’ ;uﬁ"
D05 i i 4 10
A ‘\""‘\ JH— -
+ s 18 -
200 : S e I
+ :’- ! N‘\N.g-\\ L_
195 : 1/ \
+* *R\
T
190 T i1
0.001 0.01 0.1 1 10 100
Frequency

—=— Resistivity --+-- Phase

126

Phase (milliradians)



Resistivity (ohm-m)

MHT-17C 164

As received resistivity

255 =100
4 -
250 i
——t "b‘ o
\\\ i B A 10
4 b o -
245 et} :
\ -
\\ %\ s
+
at
240
51
235 X
3}
230 : 0.1
0.001 0.01 0.1 1 10 100
Frequency

—=— Resistivity --—+-- Phase

127

Phase (milliradians)



Resistivity (ohm-m)

MSB-3B 40

As received resistivity

54’0 1/-\ H H : H H = 1 oo
*r"‘:-\" $ ] 44 -
LR s E I
520 B4 -..“g'

500 5 ‘ o s

¥ ¥ \\
e AT
480% A 10

)
\ v
<
\ ’
\ I}
\ !
\ 7
. ¢
. )

460

T T 11T

-~
¥

&
oo

420 : I
0.001 0.01 0.1 1 10 100

Frequency

—m— Resistivity -+ Phase

128

Phase (milliradians)



MSB-3B 98

As received resistivity

- 1000
SO
3 ‘\'\‘ i
: R 100
g Ar---—-dr-«--«u-—---o—---- E
- Basen. :
380 ) p
% FRas \ b
.ﬁ * it “ \;
.g %P W , 3 =10
o +. . ! g |
N "l |
3404 h \i\ :
-
320 :
0.001 0.01 0.1 1 - 1
Frequency

—m— Resistivity --—+-- Phase

129

Phase (milliradians)



Resistivity (ohm-m)

MSB-3B 98

Resistivity as a function of water %
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MSB-3B 113

Resistivity as a function of water %
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Resistivity (ohm-m)

MSB-3B 138

Resistivity as a function of water %
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Resistivity (ohm-m)
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Resistivity (ohm-m)

MSB-3B 162

Resistivity as a function of water %
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Resistivity (ohm-m)
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Resistivity (ohm-m)

MSB-79C 120-121

Resistivity as a function of water %
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